Key Points for Decision Makers {#FPar1}
==============================

As a novel regimen for the treatment of advance or metastatic non-small cell lung cancer (NSCLC), pembrolizumab monotherapy has been shown to substantially prolong patient survival without added burden of treatment-related toxicity in patients whose tumors express programmed death ligand-1 (PD-L1).This is the first Quality-adjusted Time Without Symptoms of disease progression or Toxicity of treatment (Q-TWiST) analysis to quantify the benefit--risk of pembrolizumab by concurrently evaluating survival time, disease progression, safety profile and quality of life across the clinical trials.Pembrolizumab had statistically significant and clinically meaningful improvement in quality-adjusted survival based on the Q-TWiST analysis compared to chemotherapy in PD-L1--positive advanced or metastatic NSCLC.

Introduction {#Sec1}
============

Lung cancer, of which 85--90% is classified as non-small cell lung cancer (NSCLC), continues to be a leading cause of death worldwide \[[@CR1]\]. Until recently, chemotherapy was the standard treatment for advanced or metastatic NSCLC, which offered limited efficacy but significant toxicity \[[@CR2]\]. Recent development in immunotherapy has increased treatment options for NSCLC patients \[[@CR3]\]. As a highly selective, humanized, IgG4 monoclonal antibody against programmed death ligand-1 (PD-L1), pembrolizumab has shown significant clinical benefit for the treatment of metastatic NSCLC in several randomized trials. For example, pembrolizumab demonstrated significantly longer overall survival (OS) compared to chemotherapy as a first-line treatment in patients whose tumors have high PD-L1 expression \[tumor proportion score (TPS) ≥ 50%\] \[[@CR4], [@CR5]\] and in those whose tumors express PD-L1 (TPS ≥ 1%) \[[@CR6]\]. Additionally, for second-line advanced NSCLC treatment, pembrolizumab showed significant improvement in OS compared to docetaxel in patients whose tumors express PD-L1 (TPS ≥ 1%) \[[@CR7], [@CR8]\]. In these trials, treatment-related adverse events (AEs) were less common with pembrolizumab compared to the chemotherapy arm.

To complement the efficacy and safety data from clinical trials, the Quality-adjusted Time Without Symptoms of disease progression or Toxicity of treatment (Q-TWiST) analysis can be used to evaluate the overall effect of treatment interventions. Q-TWiST, which is categorized as a health index in the classification of benefit--risk methods described by Mt-Isa et al. \[[@CR9]\], compares treatments by evaluating both quantity and quality of survival time using a single metric \[[@CR10]\]. It defines specific health states related to disease progression and toxicities and assigns quality-of-life (QoL) utility weights to each health state. It then compares treatments based on the overall utility-weighted survival time.

Q-TWiST builds on the quality-adjusted life year (QALY), which is a well-established metric used by health economists for conducting cost-effectiveness analyses. Previous health economic analyses have assessed the incremental QALYs and demonstrated the cost-effectiveness of pembrolizumab compared to chemotherapy in previously treated and untreated advanced and metastatic NSCLC \[[@CR11], [@CR12]\]. However, QALYs are usually derived from extrapolation of the survival outcomes from the trial period to a patient's life time, and therefore, are often associated with a high level of uncertainty. Q-TWiST evaluates quality-adjusted life time in a clinical trial setting, thus avoiding the need for extrapolation, and can serve as another useful method to inform decision making for healthcare providers and regulatory agencies.

Recently, the American Society of Clinical Oncology (ASCO) Value Framework \[[@CR13]\] proposed metrics that combine clinical benefit, side effects, and improvement in patient symptoms or QoL. Q-TWiST provides a comprehensive clinical assessment to compare net clinical benefits of therapies in a clinical trial setting by integrating patient preferences (i.e., utilities) into the analysis. It provides insights into clinical benefit--risk of treatment selection, especially from a patient perspective. There is an increasing interest among payors and regulators \[[@CR14], [@CR15]\] in making patient-centered assessments. Originally developed for evaluating breast cancer treatments \[[@CR16]--[@CR18]\], the Q-TWiST method has been used to evaluate clinical benefits and risks in many different cancer indications in the past few years \[[@CR19]--[@CR22]\]. Thus, the aim of this study was to compare the benefit--risk of pembrolizumab to that of chemotherapy in patients with metastatic NSCLC based on the clinical trials using the Q-TWiST methodology.

Methods {#Sec2}
=======

Data Source {#Sec3}
-----------

The data sources for this analysis were the KEYNOTE-024 and KEYNOTE-010 trials that evaluated pembrolizumab versus standard of care chemotherapy.

***KEYNOTE-024 (KN024)*** \[[@CR4], [@CR5]\]: KN024 was an international, randomized, open-label, phase 3 trial, which compared pembrolizumab with standard-of-care platinum-based chemotherapy as first-line therapy for patients with metastatic NSCLC that expresses high levels of PD-L1 (defined as TPS ≥ 50%) .

The trial included patients aged 18 years or older with stage IV NSCLC, no sensitizing EGFR mutations, and no ALK translocations, who were naïve to systemic therapy for metastatic disease. Patients were randomly assigned, in a 1:1 ratio, to receive treatment with either pembrolizumab (administered intravenously at a dosage of 200 mg every 3 weeks) or the investigator's choice of one of five platinum-based chemotherapy regimens.

Treatment was continued for the specified number of cycles or until disease progression, intolerable toxicity, patient withdrawal, or investigator decision. Patients in the chemotherapy group who had disease progression, could cross over to receive pembrolizumab if safety criteria were met. Patients in either treatment group who were in a clinically stable condition and were considered by the investigator to be deriving clinical benefit could continue therapy after disease progression.

The primary endpoint was progression-free survival (PFS), which was defined as the time from randomization to disease progression or death. PFS was assessed according to Response Evaluation Criteria in Solid Tumors (RECIST), version 1.1 \[[@CR23]\], by means of blinded, independent, central radiologic review (BICR). Secondary endpoints included OS, defined as the time from randomization to death from any cause, objective response rate and safety. Health state utility profiles assessed using the EuroQol-5 Dimensions, 3 Levels (EQ-5D-3L) measure was an exploratory endpoint. In addition, it was also a pre-defined exploratory objective to evaluate Q-TWiST within each treatment arm in the trial.

The Q-TWiST analysis was based on the intent-to-treat (ITT) population in the trial. Data from final analysis based on the most recent cutoff date of July 10, 2017 with median follow-up of 25.2 months (range 20.4--33.7 months) \[[@CR5]\] were used in the base-case analysis. Data from interim analysis 2 with a cutoff date of May 9, 2016 and median duration of follow-up of 11.2 months (range 6.3--19.7 months) \[[@CR4]\] were also examined as a sensitivity analysis.

***KEYNOTE-010 (KN010)*** \[[@CR7], [@CR8]\]: KN010 was an international, randomized, open-label, phase 2/3 trial, which compared pembrolizumab with docetaxel for patients with previously treated, PD-L1--positive (TPS ≥ 1%), advanced NSCLC.

The trial included patients aged 18 years or older with advanced NSCLC, with progression after two or more cycles of platinum-doublet chemotherapy. Patients were randomly assigned, in a 1:1:1 ratio, to receive pembrolizumab 2 mg/kg or 10 mg/kg intravenously every 3 weeks (for 35 cycles), or docetaxel 75 mg/m^2^ intravenously every 3 weeks.

Treatment was continued for 24 months or until disease progression, intolerable toxic effects, physician decision, patient withdrawal, or other reasons. Patients who progressed according to investigator assessment could remain on treatment until a confirmatory scan done 4--6 weeks later. Per protocol, patients in the docetaxel group were not permitted to cross over to receive pembrolizumab.

The primary trial endpoints were PFS and OS. Secondary endpoints included response and safety. In addition, health status was assessed using the EQ-5D-3L, a preference-based measure of health, which was an exploratory endpoint.

The ITT population in the pembrolizumab 2 mg/kg \[as this is the dosing approved through the Food and Drug Administration (FDA)/European Medicines Agency (EMA) labels\] and docetaxel groups was included in this analysis. Data from the most recent cutoff date of March 24, 2017 with a median follow-up of 31 months (range 23--41 months) \[[@CR8]\] and data from the cutoff date of September 30, 2015 with a median follow-up of 13.1 months (range 5.7--23.7 months) \[[@CR7]\] were examined in this analysis as base-case and sensitivity analyses, respectively.

Statistical Analysis {#Sec4}
--------------------

### Definition of Health States {#Sec5}

We applied the standard Q-TWiST methodology, wherein patient survival time was partitioned into three health states:Toxicity (TOX): time with grade 3 + AEs after randomization and before disease progression.

Grading of AEs was based on the National Cancer Institute Common Terminology Criteria for Adverse Events (CTCAE), Version 4.0 \[[@CR24]\]. The time spent with all-cause grade 3 + AEs before disease progression was summed for each patient, and a day with multiple events was only counted once. All grade 3 + AEs were included in the analysis, apart from those starting before randomization or after progression. Time spent with toxicities unresolved by progression was truncated at the date of progression. Patients who did not experience grade 3 + AEs before disease progression were assigned a duration of zero for the TOX state. Patients with censored PFS also had TOX time censored.2.Time without symptoms or toxicities (TWiST): time from randomization to disease progression without grade 3 + AEs.

The TWiST state was defined as PFS time minus time with TOX. Patients who were alive and had no disease progression or who were lost to follow-up were censored at the time of the last tumor assessment.3.Relapse (REL): time from disease progression to death.

The REL state was defined as OS minus PFS time. Patients who were alive or who were lost to follow-up were censored at the time of the last contact.

### Estimate of QoL Utility Weights {#Sec6}

Health state utilities were derived based on EQ-5D-3L data collected in both the KN024 and KN010 trials.

In the KN024 trial, the EQ-5D questionnaire was administered on day 1 of treatment cycles 1, 2, 3, 6, 9, and 12 and every third cycle thereafter as long as patients were on study treatment, as well as at the treatment discontinuation visit and at a 30-day post-treatment safety follow-up visit.

In the KN010 trial, the EQ-5D-3L was administered on day 1 of treatment cycles 1, 2, 3, 5, 9, and 13 and every fourth treatment cycle thereafter as long as patients were on study treatment, as well as at the treatment discontinuation visit and 30-day post-treatment safety follow-up visit.

Patient responses to the EQ-5D-3L were converted to population-based utility values using published algorithms. Different scoring functions by nationality were used in the analysis. Specifically, US-based scores were applied for US patients \[[@CR25]\], UK-based scores for UK patients \[[@CR26]\] and EU-based scores for all other patients \[[@CR27]\]. The EQ-5D scores were averaged by the health state represented on the day of completing the measure for the overall trial population.

### Calculation of Q-TWiST and Evaluation of Treatment Effects {#Sec7}

Survival curves that corresponded to TOX, PFS and OS were estimated by the Kaplan--Meier (KM) method. The restricted mean duration of each health state was derived from the area under the KM curve. The mean durations of TWiST and REL were calculated as follows:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\text{TWiST}} = {\text{PFS}} - {\text{TOX}} {\text{; and}}$$\end{document}$$$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\text{REL}} = {\text{OS}}{-}{\text{PFS}}.$$\end{document}$$

The mean Q-TWiST represents QoL-adjusted mean OS, which was calculated as follows:$$\documentclass[12pt]{minimal}
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In this analysis, the mean Q-TWiST for each treatment arm and the difference in means between treatment arms were calculated. The 95% confidence intervals (CIs) for the mean differences and the *P* values were estimated using *T* test based on the normal approximation, in which variance was estimated by bootstrapping with 25,000 replications \[[@CR28]\]. Additionally, the relative gains in Q-TWiST, defined as the mean absolute Q-TWiST differences divided by the mean OS of the chemotherapy arm, were calculated.

For each data cutoff, two different time horizons were analyzed. The primary analyses were restricted to the median overall follow-up time. This is typically done to ensure robustness of Q-TWiST analyses. This restriction may, however, lead to a conservative estimate of the benefit for immuno-oncology therapies, as they often show delayed treatment effects. Therefore, secondary analyses were conducted over the longest survival follow-up to explore the treatment difference over extended follow-up time. In addition, the mean Q-TWiST difference was calculated and plotted graphically to illustrate the treatment benefit of pembrolizumab as a function of follow-up time in the two trials.

Revicki et al. \[[@CR29]\] recommended that the clinically important difference for Q-TWiST is 10% of OS in a study, and that differences of 15% are clearly clinically important. This criterion was used to assess the clinical importance of the Q-TWiST improvement of pembrolizumab in this analysis.

Sensitivity Analysis {#Sec8}
--------------------

Both KN024 and KN010 have included the primary analysis and all subsequent data cutoffs from the respective trials. To examine the impact of data cutoff and follow-up duration on the clinical effect of pembrolizumab, a sensitivity analysis was conducted using the first published analysis of KN024 (protocol specified interim analysis 2 with a data cutoff date of May 9, 2016; median duration of follow-up 11.2 months) and KN010 (protocol specified final analysis with a data cutoff date of September 30, 2015; median follow-up 13.1 months).

Sensitivity analysis was also conducted to incorporate lower grade AEs. The Q-TWiST was re-evaluated with grade 2 AEs added in the TOX state.

Additional analyses were conducted to explore the effect of differing utility values on the Q-TWiST results. First, the standardized utility values of *U*~TOX~ = 0.5, *U*~TWiST~ = 1.0, and *U*~REL~ = 0.5 were used in the sensitivity analysis, which was the most common set used historically when there was no instrument for utility measurement implemented in the clinical trials. The coefficient of TWiST (*U*~TWiST~) was assigned 1 to represent a reference state against which the two other states could be compared. Second, a panel of sensitivity analyses were conducted on a full range of *U*~TOX~ and *U*~REL~ (from 0 to 1) to assess the robustness of the treatment benefit with respect to uncertainty in utility values.

Results {#Sec9}
=======

The KN024 trial enrolled 305 patients between September 19, 2014, and October 29, 2015, with 154 randomized to pembrolizumab and 151 to chemotherapy. The ITT population included all randomized patients and was included in this analysis. Patients were well balanced across treatment groups and a complete listing of patient characteristics was published in the clinical paper \[[@CR4]\]. As of the data cutoff date, July 10, 2017, 94 patients (62.3%) in the chemotherapy group crossed over to receive pembrolizumab or other anti--programmed cell death protein 1 (anti--PD-1)/anti--PD-L1 therapies after discontinuation of the study drug. This could potentially diminish survival benefit of pembrolizumab. Patients in the pembrolizumab group had superior OS compared with patients in the chemotherapy group (HR 0.63, 95% CI 0.47--0.86). The proportion of patients experiencing any grade 3 + AEs was 61.7% for pembrolizumab and 74.7% for platinum-based chemotherapy \[[@CR5]\].

In the KN010 trial, 1034 patients were enrolled in the study between August 28, 2013, and February 27, 2015: 345 were allocated to pembrolizumab 2 mg/kg, 346 to pembrolizumab 10 mg/kg, and 343 to docetaxel \[[@CR7]\].

As of the data cutoff date of March 24, 2017, patients in the pembrolizumab 2 mg/kg group had superior OS (hazard ratio HR = 0.73, 95% CI 0.62--0.87) compared with patients in the docetaxel group. The proportion of patients experiencing a grade 3 + AE was 49.3% for pembrolizumab and 56.6% for docetaxel \[[@CR8]\].

Duration of the Health States {#Sec10}
-----------------------------

Partitioned survival plots based on KN024 are shown separately for pembrolizumab and chemotherapy in Figure [1](#Fig1){ref-type="fig"}. The area between the curves illustrates the time in each of the three health states in the Q-TWiST calculation.Fig. 1Partitioned survival plots of pembrolizumab (**a**) and platinum-based chemotherapy (**b**) in KN024. *KN024* KEYNOTE-024, *OS* overall survival, *PFS* progression-free survival, *REL* relapse, *TOX* toxicity, *TWiST* time without symptoms or toxicities

Given the median follow-up in the KN024 trial of 25.2 months, the primary analysis was restricted to the 24 months of follow-up. An additional analysis was conducted using data up to 30 months, which is close to the longest survival follow-up. Table [3](#Tab3){ref-type="table"} summarizes the mean duration in each health state by treatment group for both primary and additional analyses. The primary results suggested that patients randomized to pembrolizumab had 0.76 months longer (*P* = 0.205) TOX, 4.12 months longer (*P* \< 0.001) TWiST and 1.91 months shorter REL (*P* = 0.004) compared to those in the chemotherapy group. Compared with the primary analysis, the additional analysis resulted in the same duration of TOX and TWiST, but the duration of REL was extended for both arms, and the difference in REL between treatments was smaller (mean 0.82 months, *P* = 0.288).

Partitioned survival plots of KN010 are shown in Fig. [2](#Fig2){ref-type="fig"}. The primary analysis was restricted to the 30 months of follow-up given the median follow-up of 31 months of the trial. An additional analysis was conducted using data up to 40 months. Both analyses yielded the result of significantly longer TWiST (*P* \< 0.001) with pembrolizumab compared to docetaxel. The mean duration in each health state by treatment group for both primary and additional analyses was summarized in Table [4](#Tab4){ref-type="table"}.Fig. 2Partitioned survival plots of pembrolizumab (**a**) and docetaxel (**b**) in KN010. *KN010* KEYNOTE-010, *OS* overall survival, *PFS* progression-free survival, *REL* relapse, *TOX* toxicity, *TWiST* time without symptoms or toxicities

Utility Weights {#Sec11}
---------------

QoL utility weights for each health state are summarized in Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}. The mean utility score for treatment-naïve NSCLC patients was estimated from the EQ-5D data in KN024, and the score was 0.727 in TOX, 0.803 in TWiST and 0.716 in REL. Based on KN010, previously treated patients had mean utility scores of 0.710, 0.775 and 0.688 in TOX, TWiST and REL states, respectively. Consistent with expectations, the utility scores calculated based on the EQ-5D-3L were highest in the TWiST state and lowest in REL. The difference in mean utility scores between TOX and REL state was not statistically significant.Table 1Utility weights for each health state in treatment-naïve metastatic NSCLC, pooled treatment groups from KEYNOTE-024Health states*N* ^a^Utilities95% CITOX1040.7270.700--0.755TWiST2240.8030.789--0.816REL1780.7160.690--0.742*CI* confidence interval, *NSCLC* non-small cell lung cancer, *REL* relapse, *TOX* toxicity, *TWiST* time without symptoms or toxicities^a^Number of patients with at least one non-missing recordTable 2Utility weights for each health state in previously treated advance or metastatic NSCLC, pooled treatment groups from KEYNOTE-010Health states*N* ^a^Utilities95% CITOX1280.7100.679--0.740TWiST4960.7750.765--0.785REL2350.6880.663--0.712*CI* confidence interval, *NSCLC* non-small cell lung cancer, *REL* relapse, *TOX* toxicity, *TWiST* time without symptoms or toxicities^a^Number of patients with at least one non-missing record

Q-TWiST {#Sec12}
-------

The results demonstrated that patients in the pembrolizumab group had a significantly longer Q-TWiST compared to those receiving chemotherapy in both KN024 and KN010, as shown in Tables [3](#Tab3){ref-type="table"} and [4](#Tab4){ref-type="table"}.Table 3Mean duration of health states and Q-TWiST in TPS ≥ 50% treatment-naïve metastatic NSCLC patients in KN024, based on data cutoff of July 10, 2017Duration (months)PembrolizumabPlatinum-based chemotherapyDifferenceRelative gainMean95% confidence interval*P* valueNo. of patients15415124 months follow-up TOX3.002.240.76(− 0.41 to 1.93)0.205 TWiST8.894.774.12(2.71 to 5.53)\< 0.001 REL5.157.05− 1.91(− 3.21 to 3.65)0.004 Q-TWiST13.0010.512.49(1.34 to 3.65)\< 0.00118%30 months follow-up TOX3.002.240.76(− 0.41 to 1.93)0.205 TWiST8.894.774.12(2.71 to 5.53)\< 0.001 REL8.249.06− 0.82(− 2.35 to 0.70)0.288 Q-TWiST15.2211.953.27(1.80 to 4.74)\< 0.00120%*KN024* KEYNOTE-024, *NSCLC* non-small cell lung cancer, *Q-TWiST* Quality-adjusted Time Without Symptoms of disease progression or Toxicity of treatment, *REL* relapse, *TOX* toxicity, *TPS* tumor proportion score, *TWiST* time without symptoms or toxicitiesTable 4Mean duration of health states and Q-TWiST in TPS ≥ 1% previously treated advanced NSCLC patients in KN010, based on data cutoff of March 24, 2017Duration (months)PembrolizumabDocetaxelDifferenceRelative gainMean95% confidence interval*P* valueNo. of patients34434330 months follow-up TOX1.561.120.44(− 0.13 to 1.01)0.129 TWiST6.515.071.45(0.60 to 2.29)\< 0.001 REL6.585.331.24(0.35 to 2.14)0.006 Q-TWiST10.698.402.29(1.43 to 3.15)\< 0.00120%40 months follow-up TOX1.561.120.44(− 0.13 to 1.01)0.129 TWiST7.325.152.17(1.17 to 3.17)\< 0.001 REL7.806.161.64(0.48 to 2.79)0.006 Q-TWiST12.159.023.12(1.43 to 3.15)\< 0.00125%*KN010* KEYNOTE-010, *NSCLC* non-small cell lung cancer, *Q-TWiST* Quality-adjusted Time Without Symptoms of disease progression or Toxicity of treatment, *REL* relapse, *TOX* toxicity, *TPS* tumor proportion score, *TWiST* time without symptoms or toxicities

The Q-TWiST difference favored pembrolizumab by 2.49 months (*P* \< 0.001) with 24 months of follow-up in KN024, with relative gain in Q-TWiST equivalent to 18% of OS time (given the restricted mean OS of 14.07 months in the chemotherapy group) in the population of treatment-naïve metastatic NSCLC. The extended Q-TWiST was 3.27 months after 30 months, with relative Q-TWiST gain of 20% of mean OS time in this population.

In KN010, the Q-TWiST difference was 2.29 months (*P* \< 0.001; relative gain of 20%) favoring pembrolizumab with 30 months of follow-up, and 3.12 months (*P* \< 0.001; relative gain of 25%) after 40 months.

As shown in Figs. [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}, the Q-TWiST gain of pembrolizumab consistently increased over the extended follow-up time in both trials.Fig. 3Mean Q-TWiST gain of pembrolizumab vs platinum-based chemotherapy over time in TPS ≥ 50% treatment-naïve metastatic NSCLC patients in KN024, based on data cutoff of July 10, 2017. *KN024* KEYNOTE-024, *NSCLC* non-small cell lung cancer, *TPS* tumor proportion score, *Q-TWiST* Quality-adjusted Time Without Symptoms of disease progression or Toxicity of treatmentFig. 4Mean Q-TWiST gain of pembrolizumab versus docetaxel over time in TPS ≥ 1% previously treated advanced NSCLC patients in KN010, based on data cutoff of March 24, 2017. *KN010* KEYNOTE-010, *NSCLC* non-small cell lung cancer, *TPS* tumor proportion score, *Q-TWiST* Quality-adjusted Time Without Symptoms of disease progression or Toxicity of treatment

Sensitivity Analysis {#Sec13}
--------------------

The sensitivity analysis showed significantly longer Q-TWiST for pembrolizumab compared to chemotherapy based on the first published analysis of both KN024 (with a data cutoff of May 9, 2016) and KN010 (with a data cutoff of September 30, 2015), although the magnitude of improvement is smaller than the base-case results due to the shorter follow-up. The Q-TWiST difference in KN024 was 0.92 months (*P* \< 0.001) with 12 months of follow-up and 1.47 months (*P* \< 0.001) at 18 months. In KN010, the Q-TWiST difference was 0.54 months (*P* = 0.002), favoring pembrolizumab with 12 months of follow-up, and 1.45 months (*P* \< 0.001) at 21 months.

The analysis that included grade 2 + AEs in the TOX state also resulted in significant Q-TWiST gain of pembrolizumab in both trials. The mean utility score was 0.760 for TOX and 0.882 for TWiST in KN024 and 0.745 for TOX and 0.792 for TWiST in KN010. The mean Q-TWiST difference was 2.43 months (*P* \< 0.001; relative gain of 17%) over 24 months of follow-up in KN024 and 2.29 months (*P* \< 0.001; relative gain of 20%) at 30 months in KN010.

Applying the standardized utility values of *U*~TOX~ = 0.5, *U*~TWiST~ = 1.0, and *U*~REL~ = 0.5 resulted in mean Q-TWiST differences of 3.54 months (*P* \< 0.001; relative gain of 25%) at a 24-month follow-up in KN024 and 2.29 months (*P* \< 0.001; relative gain of 20%) at 30 months in KN010. The Q-TWiST gains at median follow-up ranged from 2.21 to 4.87 months (relative Q-TWiST gain from 16% to 35%) in KN024, and 1.45 to 3.13 months (relative Q-TWiST gain from 13% to 27%) in KN010 as *U*~TOX~ and *U*~REL~ vary from 0 to 1.

Discussion {#Sec14}
==========

As a novel regimen for the treatment of metastatic NSCLC, pembrolizumab monotherapy has been shown to substantially prolong patient survival without added burden of treatment-related toxicity in patients whose tumors express PD-L1. This is the first Q-TWiST analysis to quantify the benefit--risk of pembrolizumab by concurrently evaluating survival time, disease progression, safety profile and QoL across the clinical trials. Q-TWiST is a protocol pre-specified exploratory endpoint in the KN024 trial; however, it is a post hoc analysis for the KN010.

The results demonstrated significant Q-TWiST improvement of pembrolizumab in both trials in all scenarios. The magnitude of the improvement increased with longer follow-up time. Our findings demonstrated a highly robust benefit--risk associated with pembrolizumab in PD-L1--positive metastatic NSCLC.

In the primary analysis of KN024, the significantly longer gain in the Q-TWiST of 2.49 months associated with pembrolizumab compared to platinum doublet chemotherapy in previously untreated metastatic NSCLC was 18% of the mean survival time of this population, a statistically significant benefit which exceeded the 'clearly clinically important' benchmark of 15% suggested by Revicki et al. \[[@CR29]\]. Similarly, the primary results in the Q-TWiST analysis of KN010 demonstrated that pembrolizumab exceeded the published criteria for a 'clearly clinically important' improvement in previously treated advanced NSCLC.

However, Revicki et al. also suggested that "it is unknown whether observations based on HRQL or health preference studies also generalize to Q-TWiST studies" and that caution should be exercised when interpreting criteria of the clinical significance of Q-TWiST results. We therefore further evaluated this analysis in the context of historical Q-TWiST studies in oncology. Based on a recent systematic review \[[@CR30]\] of 81 Q-TWiST comparisons across 51 articles, mean absolute Q-TWiST gain and relative Q-TWiST gain across 22 immunotherapy analyses was reported as 2.07 months and 8.9%, respectively. The relative Q-TWiST gains at median follow-up using standardized utilities for KN024 and KN010 are larger than the relative Q-TWiST gains of about 95% of immunotherapy studies reported in the review. Such Q-TWiST gains are higher when longer, full follow-up is analyzed.

Our findings also enable an understanding of the nature of the benefit--risk associated with pembrolizumab in PD-L1--positive metastatic NSCLC. The Q-TWiST improvement with pembrolizumab in KN024 was found to be almost entirely accounted for by increased duration of TWiST health state. The duration of REL was slightly shorter in the pembrolizumab group compared to chemotherapy, as a large proportion of patients in the chemotherapy arm crossed over to receive pembrolizumab or other immune-oncology drugs and had a prolonged post-progression survival \[[@CR31]\]. This was anticipated to diminish the survival benefit of pembrolizumab. In KN010, the improvement in Q-TWiST with pembrolizumab was accounted for by both increased duration of pre- and post-progression survival.

To better understand the impact of AEs on the Q-TWiST results, sensitivity analysis was conducted to incorporate grade 2 AEs. Results showed that inclusion of grade 2 AEs had only a negligible impact on mean Q-TWiST estimate in both treatment arms in the two trials. The absolute and relative Q-TWiST gains were consistent with the base-case results.

Strengths of this study are that analyses are presented using both patient QoL utility directly assessed during the trials, and also using standardized utility weights. Patient QoL utilities were directly assessed during the trials by the inclusion of the EQ-5D-3L questionnaire. The derived utility scores were significantly lower during both the TOX and REL health states than during the TWiST health state. The average deterioration of QoL was larger upon disease progression than the deterioration due to grade 3 + AEs as observed in both trials. One limitation of the Q-TWiST analysis, however, is that utility weights are assigned by health state but not by treatment. As evaluated in previous utility analyses \[[@CR32], [@CR33]\], patients in the pembrolizumab group had higher utility scores in all health states compared to those in the control group in KN024 and KN010. This analysis may have resulted in a conservative estimate of Q-TWiST improvement for pembrolizumab.

The EQ-5D-3L has been noted to have potential limitations (e.g., ceiling effects) as well as issues with its implementation in oncology clinical trials \[[@CR34]\]. In KN024 and KN010, EQ-5D-3L was only administered for discontinued patients at the discontinuation visit and 30 days thereafter. The derivation of the utility value for the REL state could be subject to clear uncertainty. We address this via sensitivity analyses to assess the impact of utilities. In line with historical Q-TWiST analyses, the standardized utility values were used, which led to even more favorable Q-TWiST results for pembrolizumab compared with the base-case results. In addition, sensitivity analyses on a panel of utility values demonstrated that the Q-TWiST improvement of pembrolizumab compared to chemotherapy was statistically significant and clinically meaningful regardless of utility values assigned.

Limitations may also be acknowledged in utilization of the traditional Q-TWiST methodology in assessment of novel therapies. First, the so-called pseudo-progression \[[@CR35]\] associated with immunotherapies may imply that the traditional definition of progression can be inadequate to evaluate clinical response and consequently an alternative endpoint may be needed to more accurately capture disease progression for immunotherapies. Second, the current Q-TWiST framework does not incorporate AEs that occur or last beyond the time of progression. Considering that patients deriving clinical benefit could continue immunotherapy beyond progression, exploring the impact of incorporating TOX in the REL state would be valuable. Finally, immunotherapies are often associated with delayed treatment effects and long-term survivors \[[@CR36]\]. The traditional Q-TWiST framework, which does not take into account patient heterogeneity and long-term survival, may underestimate the clinical benefits of immunotherapies. Therefore, further research may enhance the Q-TWiST method to better assess the benefit--risk of immunotherapies.

Conclusions {#Sec15}
===========

Pembrolizumab was associated with statistically significant and clinically meaningful improvement in quality-adjusted survival using the Q-TWiST analysis compared to chemotherapy in PD-L1--positive metastatic NSCLC in both previously untreated and treated patients. The benefits continued to accrue over the trial follow-up period. Relative Q-TWiST gains for pembrolizumab compare favorably with the reported standardized results for immune-oncology therapies. The Q-TWiST approach provides information on the benefit--risk associated with treatments in cancer that complements other approaches used to evaluate and compare health outcomes.
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